1. Introduction {#sec1}
===============

Dietary protein dilution (PD), in which dietary protein intake is reduced and replaced by calories from carbohydrate and/or fat, has emerged as an influential environmental variable affecting aging and age-related disease such as type 2 diabetes (T2D). Indeed, several studies have demonstrated that DPD promotes longevity in rodents [@bib1], [@bib2], [@bib3] and can retard age-related disease such as cancer [@bib4] and T2D [@bib5]. Furthermore, protein intake rates have been positively associated with increased risk for T2D and all-cause mortality in humans [@bib6], [@bib7].

While the precise mechanisms by which dietary PD can promote health-span are likely to be diverse, we recently demonstrated that DPD can retard the development of insulin resistance and T2D in mouse models, via the induction of the liver-derived hormone fibroblast growth factor 21 (FGF21) [@bib5]. While FGF21 was originally discovered as a liver-enriched FGF [@bib8], it was subsequently shown to be a non-mitogenic metabolic regulator with therapeutic potential for obesity-related-metabolic dysfunction [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], even in humans [@bib15], [@bib16]. More recently, the physiological context of FGF21 has been increasingly explored [@bib17], [@bib18], [@bib19], with several studies from diverse laboratories now having shown that it is an endocrine signal of dietary PD in rodents [@bib5], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25] and in humans [@bib5], [@bib21], [@bib26], [@bib27]. While the downstream mechanisms by which FGF21 improves metabolic health with dietary PD are yet to be fully resolved, it is required for increased energy expenditure, at least in mouse models [@bib5], [@bib21], [@bib22], and heightened energy expenditure is thought to be a promising strategy to combat obesity-related-metabolic disease [@bib28]. Furthermore, although a reduced total dietary amino acid (AA) supply was sufficient to mimic the effects of dietary PD [@bib5], the precise AAs involved has remained unresolved. Evidence to date has suggested that candidates might include neutral AAs [@bib29], a class including branched chain amino acids (BCAAs), which we show here to be consistently affected by dietary PD. Despite normalization of circulating BCAAs and mTORC1 signaling, we demonstrate that dietary BCAA-replacement to an AA-diluted (AAD) diet did not reverse FGF21 induction or restore hyperglycaemia in experimental T2D.

2. Methods {#sec2}
==========

2.1. Human study design {#sec2.1}
-----------------------

Five healthy, lean male volunteers, age 25.6 ± 0.4 years, body weight 75.9 ± 5.3 kg (mean ± SEM), participated in the human diet study. Subjects consumed a controlled diet low in protein for 7 days. The low protein diet comprised 9 E% protein, 71 E% carbohydrates and 20 E% fat. The protein content was significantly lower in DPR compared to the habitual, normal ("N") diet which amounted to 20 E% protein ([Figure 1](#fig1){ref-type="fig"}A). Diet composition and food intake information were described previously [@bib5]. A meal test was conducted before and at d7 of the experiment, whereby subjects ate an isocaloric meal (i.e. 60 kJ/kg BM containing 15% or 9% protein for N vs. PD diet respectively) with blood samples taken before and at selected times after meal consumption.

2.2. Mouse experiments {#sec2.2}
----------------------

Male mice, aged 7 weeks upon arrival, were acclimated to the housing facility (12-12 h light--dark cycle, 22--24 °C) and fed their respective low fat experimental control diet for at least one week prior to experimentation. Mice used for experiments were C57Bl/6NCrl mice (\#027, Charles River Laboratories), as well as New Zealand Black (\#000993, NZB/BlNJ, Jackson Laboratories) and New Zealand obese (\#002105, NZO/HlLtJ, Jackson Laboratories) strains. We tested the effects of dietary PD in the setting of murine obesity-driven insulin resistance and T2D using nutritional and polygenic experimental mouse models: C57Bl6/NCrl mice fed a high fat (HF) diet and the NZO mouse strain. While both models share obesity and insulin resistance in common, male NZO mice display hyperphagia and random fed hyperglycemia with reduced levels of physical activity and energy expenditure [@bib30].

2.3. Studies involving dietary protein or dietary AA dilution {#sec2.3}
-------------------------------------------------------------

For studies of dietary PD in the setting of HF diet-induced obesity, diet compositions are outlined in [Supplementary Table 1](#appsec2){ref-type="sec"} and [Figure 2](#fig2){ref-type="fig"}A. Following acclimation, C57Bl/6NCrl mice were switched to a diet containing low protein or a HF diet containing either normal or low protein for 16 weeks [@bib5]. Mice were killed in the random fed state by cervical dislocation, with subsequent trunk blood collection and serum preparation. For studies involving NZO vs. lean NZB mice, half of the mice from each genotype were switched to a low protein diet ([Figure 2](#fig2){ref-type="fig"}C) for 10 weeks followed by serum preparation as described above. The same strategy was used for AA-containing diets ([Supplementary Table 2](#appsec2){ref-type="sec"} and [Figure 3](#fig3){ref-type="fig"}A). For metabolic characterization using AA diets in wildtype mice, an intraperitoneal glucose tolerance test (IPGTT) and insulin tolerance test (ITT) was conducted after 6 weeks and 8 weeks of experimental diet exposure, respectively, and mice were killed in the random fed state for tissue collection after ∼14 weeks. For metabolic characterization using AA diet studies in NZO mice, mice were killed in the random fed state for tissue collection after ∼7 weeks. Feed efficiency was determined over the indicated time periods by dividing the delta body mass by the food energy intake over the same period. Food was weighed during cage changes, on a weekly basis, and bedding was carefully examined for fallen food pellets and accounted for. Tissue mTORC1/ISR signaling was assessed in separate cohorts of wildtype/NZO mice as described in Section 2.5.

2.4. In vivo metabolic characterization of mice {#sec2.4}
-----------------------------------------------

Blood glucose measurements for all tests were determined with an Accu-Chek Performa glucometer (Roche). Glucose and insulin tolerance tests were conducted according to established guidelines [@bib31] following a 5--6 h fast. For tolerance tests, glucose was given at 1 g/kg and insulin (Huminsulin Normal, Lilly) at 0.6 U/kg. A fasting ISI was calculated using the equation ISI = 1000/(blood glucose \[mM\] × plasma insulin \[pM\]) from 5- to 6-hour-fasted mice. Body composition was determined using a magnetic resonance imaging (MRI) body composition analyzer (Echo Medical Systems, Houston, USA).

2.5. Examination of in vivo tissue signaling pathways {#sec2.5}
-----------------------------------------------------

Widtype or NZO mice were fed respective AA-containing diets for ∼3 weeks prior to experimentation (see [Figures S3H and S4I](#appsec2){ref-type="sec"}). Mice were overnight fasted and refed the same diet with periodic blood collection into EDTA-coated tubes (Sarstedt) for plasma preparation and hormone measurement. After 1--2 weeks of recovery, mice were killed by cervical dislocation following overnight fasting and 45 min of re-feeding. Tissues were rapidly frozen in liquid nitrogen and stored at −80 °C until lysate preparation for western blot analysis.

2.6. Serum/plasma metabolite measurements {#sec2.6}
-----------------------------------------

Kits were used to measure insulin (Alpco \#80-INSMS-E01-AL or Mercodia \#10-1247-01) and FGF21 (R&D Systems \#MF2100). Serum amino acid profiling was conducted using LC--MS/MS as described previously in detail [@bib29].

2.7. RNA/protein extraction {#sec2.7}
---------------------------

RNA was extracted from tissues using TRIzol Reagent (Life Technologies) and cDNA was synthesized using the Quantitect Reverse Transcription Kit (Qiagen). qPCR was conducted using Taqman master mix and Taqman primer-probe assays (Life Technologies). Fgf21 transcripts were detected using primer-probe Mm00840165_g1 and Ct values normalized to levels of Tbp (Mm01277042_m1). Tissue protein extraction and immunoblotting were performed using standard methods with antibodies against VCP (valosin containing protein, \#ab11433, Abcam) and the following were from Cell Signaling Technologies: ^S51^P-eIF2α (\#9721), eIF2α (\#9722), ^S473^P-Akt (\#9271), ^T389^P-p70 S6K (\#9234), p70 S6K (\#9202), ^T37/46^P-4EBP1 (\#2855), and 4EBP1 (\#9452). Western band intensities were quantified using Image Lab software (Bio-Rad Laboratories).

2.8. Statistics {#sec2.8}
---------------

For 1-factorial designs, 2-tailed *t* tests were used, with paired analysis when comparing the same subjects. For multiple comparisons, statistical analyses were performed using a 1-way or 2-way ANOVA, with repeated measures when applicable, followed by Bonferonni post-hoc tests when significant differences were calculated (Microsoft Excel and GraphPad Prism 5). The significance level was set to *P* \< 0.05.

2.9. Study approval {#sec2.9}
-------------------

Animal experiments were conducted according to local, national, and EU (Directive 2010/63) ethical guidelines (Regierungspräsidium Karlsruhe) and adhered to ARRIVE guidelines. For the human study, all subjects gave informed consent prior to their participation. The study was approved by the Copenhagen Ethics Committee (H-3-2012-129) and was executed in accordance with the code of ethics of the World Medical Association (Helsinki II declaration).

3. Results {#sec3}
==========

3.1. Consumption of a protein-diluted diet generates a reduced serum BCAA signature in human and mouse {#sec3.1}
------------------------------------------------------------------------------------------------------

Although it has been shown that reduced protein intake can result in favorable effects on biomarkers of metabolic health such as plasma glucose and insulin levels in mice and humans [@bib5], we initially asked whether this was also correlated with a serum amino acid signature. Interestingly, humans subjected to one week of dietary PD ([Figure 1](#fig1){ref-type="fig"}A) displayed reduced serum levels of urea ([Figure 1](#fig1){ref-type="fig"}A), indicative of reduced protein oxidation, as well as lower levels of lysine, threonine and the aromatic amino acids phenylalanine, and tyrosine ([Figure 1](#fig1){ref-type="fig"}B). Remarkable, however, were the effects of dietary PD to reduce the meal-related profile of all three BCAAs ([Figure 1](#fig1){ref-type="fig"}B--D and [Figure S1B](#appsec2){ref-type="sec"}). We next assessed whether this diet-induced BCAA signature is conserved in experimental obesity and/or T2D. To this end, we used nutritional and polygenic experimental models: high fat (HF) diet-fed C57Bl6/N ([Figure 2](#fig2){ref-type="fig"}A), and hyperphagic New Zealand obese (NZO) mice, respectively [@bib30].Figure 1**A specific reduction of fed serum BCAAs in humans following dietary PD**. Serum urea (A), and BCAAs leucine (Leu), Isoleucine (Ile), and Valine (Val) (B--D) were measured in a meal test from serum collected from healthy men before (normal diet, N) or following 7 days of a protein-diluted (PD) diet regimen. Subjects ate an isocaloric meal (i.e. 60 kJ/kg BM) containing 15% (N group) or 9% protein (PD group). n = 5 per group. Data are mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 for significant effect of diet.Figure 1

High fat feeding did not affect total serum AAs ([Figure 2](#fig2){ref-type="fig"}A) but resulted in slightly lower levels of select amino acids, namely threonine, proline, and aspartate ([Figure 2](#fig2){ref-type="fig"}B). Feeding a PD diet, reduced some serum amino acids, often in a dietary fat-dependent manner ([Figure 2](#fig2){ref-type="fig"}B). Perhaps most noteworthy was that irrespective of dietary fat content, dilution of dietary protein resulted in lower levels of total serum BCAA ([Figure 2](#fig2){ref-type="fig"}B) as well as individual BCAA species ([Figure 2](#fig2){ref-type="fig"}C--E). In contrast with the HF-induced obesity model, hyperphagic NZO mice on a control diet had higher levels of total serum AAs ([Figure 2](#fig2){ref-type="fig"}F), BCAAs ([Figure 2](#fig2){ref-type="fig"}G), as well as the majority of individual amino acids ([Figure S2C and D](#appsec2){ref-type="sec"}). In congruence with results observed in HF-feeding, dietary PD resulted in lower total and individual BCAAs in NZO mice ([Figure 2](#fig2){ref-type="fig"}G--J).Figure 2**Serum BCAAs are elevated in diabetes and reduced by dietary PD in mice**. Total serum AAs (A), BCAAs only (B) or individual BCAAs (C--E) were measured in serum collected from random fed C57Bl/6N mice fed either control diet ("C") containing 20% caloric energy from protein or a protein-diluted ("PD") diet containing 5% caloric energy from protein, diluted by added carbohydrate, with either 10% ("LF") or 60% ("HF") calories from fat. *n* = 6--8/group. Total serum AAs (F), BCAAs only (G) or individual BCAAs (H--J) were measured in serum from New Zealand black ("NZB") or New Zealand obese ("NZO") mice fed C or PD diets. *n* = 6--8/group. Data are mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 for significant effect of PD. ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001 for significant effect of mouse strain.Figure 2

3.2. Repletion of BCAAs in the setting of dietary amino acid dilution attenuates improvements in metabolic health and restores mTORC1 signaling in wildtype mice {#sec3.2}
----------------------------------------------------------------------------------------------------------------------------------------------------------------

The consistent association of reduced serum BCAAs with dietary PD regimens in humans and mice prompted us to test whether reduced dietary BCAA supply *per se* is necessary for the improved metabolic profile under these dietary conditions. As such, we next utilized purified AA-containing diets ([Supplemental Table 2](#appsec2){ref-type="sec"}) mirroring the AA supply that would come from casein, the source of protein in our previous experiments (see [Figure 2](#fig2){ref-type="fig"}, [Figure S2](#appsec2){ref-type="sec"} and [@bib5]). We compared the metabolic effects of an amino acid diluted (AAD) diet to one with all amino acids diluted except BCAAs (denoted as AAD + BCAA) ([Figure S3A and B](#appsec2){ref-type="sec"}). Like our PD diet feeding experiments, feeding an AAD diet reduced serum levels of BCAAs, while these remained unchanged in mice fed AAD + BCAA ([Figure 3](#fig3){ref-type="fig"}A and [Figure S3C](#appsec2){ref-type="sec"}). Interestingly, the effect of AAD to curb weight gain was attenuated in AAD mice receiving a full complement of BCAAs ([Figure 3](#fig3){ref-type="fig"}B). Assessment by MRI of changes in body composition revealed that BCAA-replacement attenuated whole body loss of fat but not lean mass ([Figure S3D and E](#appsec2){ref-type="sec"}), although this was not reflected in changes in select abdominal and subcutaneous adipose tissue masses ([Figure 3](#fig3){ref-type="fig"}C). Despite the finding that replacement of BCAAs attenuated the weight-neutral effect of AAD diet feeding ([Figure S3F](#appsec2){ref-type="sec"}), caloric intake was equal in all diet groups during this period ([Figure 3](#fig3){ref-type="fig"}D). Feed efficiency, which reflects the ratio of body mass accrual to energy intake, was starkly reduced by AAD diet feeding, an effect which was lost when BCAAs were replaced ([Figure 3](#fig3){ref-type="fig"}E).Figure 3**Repletion of BCAA in the setting of dietary amino acid dilution attenuates improvements in metabolic health and restores mTORC1 signaling in wildtype mice**. Serum BCAA (A), body mass accrual (B) and endpoint tissue weights (C) were measured in random fed mice fed control ("C"), amino acid diluted ("AAD"), or BCAA replete AAD ("AAD + BCAA") diets. Food intake (D), used to calculate feed efficiency (E), was assessed in the same mice as in (A--C) over experiment days 57--70. An intraperitoneal glucose tolerance test ("IPGTT", F) was conducted and insulin sensitivity assessed using insulin sensitivity index (G) and an insulin tolerance test (H). Endpoint (day ∼ 100) serum (I) and hepatic transcript (J) levels of FGF21 were measured. *n* = 6--8/group. Signaling downstream of mTORC1 was assessed by western blot in liver (K--L), abdominal white adipose tissue (epididymal "aWAT"), subcutaneous WAT (inguinal "scWAT"), brown adipose tissue ("BAT") and gastrocnemius ("GC") muscle (M--P). Western band intensities expressed relative to respective loading controls are shown below each blot, except 4EBP1 which was expressed using the indicated bands on the total blot as hypophosphorylated: total. *n* = 3--4/group. Data are mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 vs. C. ^\#^p \< 0.05 ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001 vs. AAD.Figure 3

Reversal of metabolic inefficiency by BCAA-replacement, together with previous reports that metabolic inefficiency, without extreme weight loss, is often coupled to metabolic health [@bib5], [@bib28], prompted us to test whether differences would arise between diet groups in glucose homeostasis. Intraperitoneal glucose tolerance was improved following feeding of an AAD diet, an effect attenuated when BCAAs were replaced ([Figure 3](#fig3){ref-type="fig"}F). This was likely attributed to an effect of BCAA-replacement to reverse the hypo-insulinemic ([Figure S3G](#appsec2){ref-type="sec"}) and thus insulin sensitizing effect of AAD diet feeding ([Figure 3](#fig3){ref-type="fig"}G) and could be corroborated by insulin tolerance testing ([Figure 3](#fig3){ref-type="fig"}H).

We and others have shown that major features of metabolic health following dietary PD require the hepatic hormone FGF21 [@bib5], [@bib21], the expression and secretion of which is induced as a part of a liver integrated stress response (ISR). Notably, although AAD diet re-feeding ([Figure S3H](#appsec2){ref-type="sec"}) induced markers of the hepatic ISR, namely phosphorylated eIF2α ([Figure S3I](#appsec2){ref-type="sec"}) as well as serum FGF21 ([Figure 3](#fig3){ref-type="fig"}I) and its liver transcript ([Figure 3](#fig3){ref-type="fig"}J), these parameters remained unabated by BCAA repletion.

Along with arginine and glutamine, BCAAs are known to promote activation of mTORC1 [@bib32], [@bib33]. Thus, we next assessed whether components of this signaling pathway were perhaps modulated by dietary BCAA supply. Western blot analysis of liver, a major transit site for ingested AAs, illustrated significantly reduced mTORC1 activity, as suggested from hypo-phosphorylation and faster migration of both p70 S6 kinase and 4EBP1 in response to total AAD ([Figure 3](#fig3){ref-type="fig"}K--L), while this was completely reversed by dietary BCAA repletion. Levels of hepatic AKT phosphorylation were unchanged by dietary AA manipulation ([Figure 3](#fig3){ref-type="fig"}J), consistent with evidence that reduced AAs signal to mTORC1 downstream of PI3-K/AKT/TSC [@bib33]. Interestingly, similar changes in markers of mTORC1 activity were observed in peripheral tissues, namely abdominal and subcutaneous WAT, BAT, and gastrocnemius skeletal muscle ([Figure 3](#fig3){ref-type="fig"}M--P). We assessed hepatic and peripheral signaling after 45 min of re-feeding, a time point when diets had no effect on circulating glucose, insulin or FGF21 ([Figure S3K--M](#appsec2){ref-type="sec"}), suggesting that circulating diet-derived BCAAs *per se* may be potent determinants of mTORC1 activity in vivo.

3.3. Repletion of BCAA to AAD diet feeding restores mTORC1 signaling in diabetic mice but does not accelerate diabetes onset {#sec3.3}
----------------------------------------------------------------------------------------------------------------------------

We previously showed that dietary PD can effectively attenuate diabetes onset and reverse insulin resistance in mice [@bib5]. Our experiments using wildtype mice showed that markers of metabolic health following dietary AAD can be attenuated or reversed by restoration of BCAA supply ([Figure 3](#fig3){ref-type="fig"}). This prompted us to test whether dietary, and thus serum, BCAA repletion ([Figure 4](#fig4){ref-type="fig"}A and [Figure S4A, B](#appsec2){ref-type="sec"}) would affect the salutary metabolic health benefits of dietary AAD in NZO mice. Although body mass accrual was not significantly affected by dietary interventions ([Figure 4](#fig4){ref-type="fig"}B), some tissue mass effects of dietary AAD were prevented by repletion of dietary BCAAs, namely subcutaneous white and brown adipose tissue, and skeletal muscle ([Figure S4C](#appsec2){ref-type="sec"}). Feed efficiency ([Figure 4](#fig4){ref-type="fig"}C), reflecting the ratio of delta body mass to energy intake ([Figure S4D and E](#appsec2){ref-type="sec"}) was unaffected by changes in dietary amino acid supply. Moreover, dietary AAD, irrespective of BCAA repletion, prevented the onset of random fed ([Figure 4](#fig4){ref-type="fig"}D) and fasting ([Figure S4F](#appsec2){ref-type="sec"}) hyperglycemia in NZO mice, although neither dietary intervention significantly affected fasting insulin levels or insulin sensitivity ([Figure S4G and H](#appsec2){ref-type="sec"}). In congruence with observed effects on glucose homeostasis, dietary BCAA repletion did not curb the induction of the hepatic ISR ([Figure 4](#fig4){ref-type="fig"}I and J) and Fgf21 mRNA ([Figure 4](#fig4){ref-type="fig"}E). Conversely, while dietary AA supply did not influence energy intake, circulating glucose, insulin or FGF21 levels after 45 min re-feeding ([Figure 4](#fig4){ref-type="fig"}K--N), hepatic and peripheral signaling markers of mTORC1 activity were dramatically reduced by total dietary AAD, and fully or partially restored upon BCAA repletion ([Figure 4](#fig4){ref-type="fig"}F--K). Hence, while not required for the hepatic ISR-triggered salutary metabolic health profile pursuant to dietary AAD in the diabetic setting, repletion of dietary BCAA supply is sufficient to substantially rescue somatic signaling events downstream of mTORC1.Figure 4**Dietary repletion of BCAAs opposes somatic mTORC1 signaling, but not improvements in glucose homeostasis in NZO mice**. Endpoint random fed serum BCAAs (A), body mass accrual (B), feed efficiency (C), random fed blood glucose (D) and hepatic FGF21 transcript (E) were assessed in New Zealand obese (NZO) mice fed control ("C"), amino acid diluted ("AAD"), or AAD with BCAA replete ("AAD + BCAA") diets. *n* = 6/group. Signaling downstream of mTORC1 was assessed in liver (F and G), white adipose tissue from abdominal (epididymal "aWAT") and subcutaneous (inguinal "scWAT") depots, brown adipose tissue ("BAT") and gastrocnemius ("GC") muscle (H--K) were assessed by western blot in a separate cohort of mice adapted to diets for 3 weeks, fasted overnight and re-fed for 45 min. Western band intensities expressed relative to respective loading controls are shown below each blot, except 4EBP1 which was expressed using the indicated bands on the total blot as hypophosphorylated: total. *n* = 3--4. Data are mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 vs. C. ^\#^p \< 0.05 vs. AAD.Figure 4

4. Discussion {#sec4}
=============

In this study, we recapitulate existing findings that serum levels of BCAAs are clearly reduced following dietary PD in both healthy humans and rodents [@bib3], [@bib27], [@bib34] and show that this effect holds true in the setting of experimental insulin resistance and T2D. We and others have shown that a PD diet is associated with metabolic fitness, improved insulin action and glucose metabolism, and higher levels of FGF21 in both rodents and humans [@bib3], [@bib5], [@bib21]; thus, we hypothesized that the reduced BCAA may be causally related to this metabolic response. Although experimental evidence to date has interrogated the metabolic consequences of adding or subtracting specifically BCAAs from an otherwise complete AA-based diet [@bib27], [@bib35], [@bib36], we have aimed to better understand the concept of general dietary PD, and to address whether BCAA repletion is sufficient to attenuate metabolic health. We believe that this is an important question as, from a dietary perspective, restriction of total protein intake is more feasible than dietary manipulation of selected amino acids. From this derives a need to then understand which particular AA(s) are necessary to confer the effects of PD. While in our experimental design we affect total amino-nitrogen supply by BCAA add-back (see [Figure 3](#fig3){ref-type="fig"}A), we believe that this is a rational approach as i) we have previously demonstrated that the in vitro hepatocyte response to AAD is insensitive to total amino-nitrogen supply [@bib5] and ii) using isonitrogenous diets would require simultaneous changes to both BCAAs and other AAs and thus confound the interpretation of results.

Serum metabolite screening of serum from 74 diabetes-free obese and 67 lean individuals identified a metabolite signature that included dysregulated levels of BCAAs and their acylcarnitine metabolites [@bib35]. While the etiology behind this serum signature remains elusive, we show that insulin resistance (induced by HF-feeding) *per se* is not sufficient to elevate BCAAs on a standard protein diet. Moreover, serum BCAAs were elevated selectively in NZO mice but not in HF-fed mice, despite comparable degrees of insulin sensitivity [@bib5]. It is noteworthy that abnormalities in physical activity, energy expenditure, glycemia, and hyperphagia are less severe or absent in HF-fed wildtype mice in comparison with the NZO strain [@bib30]. Nonetheless, it seems more likely that protein hyperphagia and/or attenuated BCAA metabolism, and not hyperglycemia *per se*, elevates serum BCAAs [@bib35], [@bib36], [@bib37]. In support of this, higher serum BCAAs were apparent in hyperphagic rats and mice [@bib36], [@bib37], irrespective of diabetes incidence. Indeed, serum BCAAs closely relate to protein intake [@bib27] and higher levels of serum BCAAs as well as aromatic AAs were predictive of future diabetes incidence [@bib38], even after adjustment for serum lipids and HOMA-IR. Notably, we also observed lower BCAAs and aromatic AAs in humans during dietary PD ([Figure 1](#fig1){ref-type="fig"} and [Figure S1](#appsec2){ref-type="sec"}), and since dietary protein intake correlates with T2D incidence in humans [@bib6], this may imply that dietary protein intake links the AA profile signature with future diabetes risk.

A noteworthy result was the lack of effect of dietary BCAA add-back on glycemia in obese/diabetic NZO mice, despite partial effects in C57Bl/6 mice. Interestingly, BCAA metabolism in white adipose tissue correlates with metabolic health [@bib39], [@bib40], and BCAA supplementation during dietary PD in piglets affects adiposity [@bib41]. Differential effects on adipose tissue mass in C57Bl/6 vs. NZO mice during BCAA repletion ([Figure 3](#fig3){ref-type="fig"}, [Figure 4](#fig4){ref-type="fig"}) may explain at least part of the paralleled discordant effects on glucose homeostasis between the two strains. Nonetheless, although AAs such as leucine can act as a satiety signal in the brain, we observed that BCAA repletion did not curb food intake in neither wildtype nor NZO mice, an observation consistent with experiments done in rats [@bib42]. On the other hand, BCAA supply may more closely relate with muscle function, as BCAA repletion restored GC muscle mass in both strains ([Figure 3](#fig3){ref-type="fig"}, [Figure 4](#fig4){ref-type="fig"}), and restriction of dietary BCAAs in an isonitrogenous dietary setting reduced skeletal muscle insulin resistance in Zucker fatty rats [@bib36].

It is interesting that total dietary AA dilution [@bib5], [@bib21], [@bib22] as well as complete dietary deprivation of a single BCAA [@bib43], [@bib44] is sufficient to upregulate hepatic FGF21. We and others have shown that this response during dietary PD involves activation of the ISR within the liver [@bib5], [@bib22], possibly resulting from intracellular accumulation of uncharged tRNAs, and GCN2-dependent phosphorylation of eIF2α [@bib45]. Conversely selective dietary BCAA dilution did not induce [@bib27] and BCAA repletion did not inhibit ([Figure 3](#fig3){ref-type="fig"}, [Figure 4](#fig4){ref-type="fig"}) FGF21 induction, suggesting that BCAAs are likely not a limiting nutrient in these dietary settings. Collectively, these results illustrate that dietary dilution of BCAAs is neither required, nor sufficient to induce an FGF21 response. This is in agreement with studies showing that repletion of non-essential AAs (such as glutamine), but not leucine alone, can curb FGF21 induction when general protein supply is limited [@bib5], [@bib46], [@bib47]. Nonetheless, changes in dietary BCAA supply affect metabolic efficiency and glucose excursion in lean mice ([Figure 3](#fig3){ref-type="fig"} and [@bib27]), suggesting that an FGF21-independent mechanism is involved that warrants further investigation.

In contrast to the hepatic ISR and FGF21 levels, hepatic and peripheral mTORC1 signaling was strikingly sensitive to dietary BCAA repletion in both wildtype and NZO mice. While it is known that hormones such as insulin [@bib48] and FGF21 [@bib49], [@bib50] can affect cellular mTORC1 activity, it appears that dietary BCAAs are a predominant mode of regulation in vivo, as we could observe a clear congruence between plasma BCAA and tissue mTORC1 activity, whereas plasma levels of insulin and FGF21 did not align ([Figure 3](#fig3){ref-type="fig"}, [Figure 4](#fig4){ref-type="fig"} and [Figures S3, S4](#appsec2){ref-type="sec"}). Even so, in our experimental setting we concede that the divergence between hormonal changes and tissue mTORC1 signaling may be related to relatively quicker regulation by metabolites versus these peptide hormones. While mTORC1 activation is associated with feedback inhibition of insulin signaling and insulin resistance [@bib35], heightened BCAA supply and consequent reactivation of mTORC1 signaling did not reverse glucose control during dietary AAD in NZO mice. Dietary BCAA repletion was sufficient however to restore skeletal muscle but not liver mass in wildtype and NZO mice, suggesting that persistent ISR signaling in the liver likely overrides mTORC1-mediated effects on protein translation, cell growth, and insulin resistance.

In summary, dietary PD in humans and mice results in a reduced serum BCAA profile that, while not required for improved metabolism in experimental diabetes, has implications for somatic mTORC1 activity.
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The following are the supplementary data related to this article:Supplementary Figure 1Area under the curve (AUC) for serum AAs following a meal test reveals a BCAA-related profile following dietary PD. Healthy men were switched from their normal diet ("N") to PD diet (A) for 7 days. Serum AAs were measured before and over 250 min following a meal test. Area under the 250 min AA concentration curve was calculated for each subject using the x-axis as the baseline (B). Subjects ate an isocaloric meal (i.e. 60 kJ/kg BM) containing 15% (N group) or 9% protein (PD group). n = 5 per group. Data are mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, for significant effect of diet.Supplementary Figure 2Dietary PD influences serum AA profiles in diet-induced or polygenic obesity/diabetes. Wildtype C57Bl/6N mice were fed either control diet ("C") or a protein-diluted ("PD") diet, diluted by added carbohydrate, with either low fat ("LF") or high fat ("HF") (A). After 16 weeks on diets, individual AAs were measured in serum from random fed mice (B). *n* = 6--8/group. New Zealand black ("NZB") or New Zealand obese ("NZO") mice were fed C or PD diets for 10 weeks (C) followed by serum AA assessment in the random fed state (D). *n* = 6--8/group. Data are mean ± SEM. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 for significant effect of PD. ^\#^p \< 0.05 ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001 for significant effect of dietary fat/strain.Supplementary Figure 3Metabolic and signaling parameters in wildtype mice following repletion of BCAA in the setting of dietary amino acid dilution. Wildtype mice fed control ("C"), amino acid diluted ("AAD"), or AAD with BCAA replete ("AAD + BCAA") diets (A) underwent metabolic characterization (B), which included the indicated tolerance tests as well as feed efficiency ("FE") assessment. Random fed serum amino acids (C) and MRI quantification of lean mass (D) and fat mass (E) were assessed in the same mice as in [Figure 3](#fig3){ref-type="fig"}A--J. Delta body mass for days 57--70 (F) was used together with food intake (see [Figure 3](#fig3){ref-type="fig"}D) to calculate feed efficiency in [Figure 3](#fig3){ref-type="fig"}E. Fasting plasma insulin (G), together with corresponding fasting glucose (see [Figure 3](#fig3){ref-type="fig"}F) was used to calculate insulin sensitivity index (see [Figure 3](#fig3){ref-type="fig"}G). *n* = 6--8/group. The hormonal and signaling response to these diets was studied in a separate cohort of re-fed mice (H). Phosphorylation eIF2α (I) and AKT (J) were assessed in liver tissue by western and band intensities expressed relative to respective loading controls are shown below each blot. Levels of blood glucose (K), plasma insulin (L) and FGF21 (M) were quantified. *n* = 3--4/group. Data are mean ± SEM. p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 vs. C. ^\#^p \< 0.05 vs. AAD.Supplementary Figure 4Metabolic and signaling parameters in NZO mice following repletion of BCAA in the setting of dietary amino acid dilution. NZO mice fed control ("C"), amino acid diluted ("AAD"), or AAD with BCAA replete ("AAD + BCAA") diets underwent metabolic characterization (A), which included feed efficiency ("FE") assessment. Random fed serum amino acids (B) and endpoints tissue weights (C) were assessed in the same NZO mice as in [Figure 4](#fig4){ref-type="fig"}A--E. Food intake (D) together with changes in body mass (E) were used to determine feed efficiency in [Figure 4](#fig4){ref-type="fig"}C. Fasted blood glucose (F) and plasma insulin (G) were measured on day 45 and used to calculate insulin sensitivity index (H). n = 6/group. The hormonal and signaling response to these diets was studied in a separate cohort of re-fed NZO mice (I). Liver eIF2α phosphorylation (J) was determined and western band intensities expressed relative to respective loading controls are shown below each blot. Levels of energy intake (K), blood glucose (L), plasma insulin (M) and FGF21 (N) were quantified. *n* = 3--4/group. Data are mean ± SEM. p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 vs. C. ^\#^p \< 0.05 vs. AAD.
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